Introduction
============

Type 1 diabetes mellitus (T1DM) represents only around 10% of the diabetes cases worldwide, but occurs with increasing incidence much earlier in life. T1DM results from the autoimmune destruction of β cells of the endocrine pancreas. A small percentage of affected patients (\<10%) are classified as type 1B, with no evidence of autoimmunity and the pathogenesis in these cases is considered idiopathic ([@bib1], [@bib2]). The aim of this comprehensive review is to present updated information on the pathogenesis of T1DM. We will present genetic, environmental and immunologic factors ([Table 1](#tbl1){ref-type="table"}) that eventually destroy β cells of the endocrine pancreas and lead to insulin deficiency. Table 1Contributing factors in type 1 diabetes mellitus pathogenesis.A. Genetic factors 1. HLA 2. Insulin-VNTR 3. CTLA-4 4. Other genetic associations (PTPN22, AIRE, FoxP3, STAT3, IFIH1, HIP14, ERBB3)B. Epigenetic factorsC. Environmental factors 1. Viruses (rubella, enteroviruses) 2. Diet (cow's milk, cereals, omega-3 fatty acids, vitamin D) 3. Gut microbiotaD. Immunologic factors 1. Immune tolerance (central, peripheral, Tregs) 2. Cellular immunity 3. Humoral immunity (GAD65, IA-2, IAA, ZnT8)

Genetic factors
===============

Type 1 diabetes is usually present in individuals without a family history. Only 10--15% of the patients have a first- or second-degree relative with the disease. However, the lifetime risk for developing T1DM is significantly increased in relatives of patients, as about 6% of children, 5% of siblings and 50% of monozygotic twins present the disease compared to 0.4% prevalence of the general population ([@bib3], [@bib4]). More than 50 T1DM genetic risk loci have been identified by genome-wide association studies and meta-analyses ([@bib5]). The main genes predisposing to T1DM are within the major histocompatibility complex (MHC) region, often called HLA (human leucocyte antigen) and located on chromosome 6. HLA complex polymorphic alleles are responsible for 40--50% of the genetic risk of T1DM development. The insulin gene (Ins-VNTR, IDDM 2) polymorphisms on chromosome 11 and the cytotoxic T lymphocyte-associated antigen-4 gene (CTLA-4) on chromosome 2 follow, as these are responsible for 15% of the genetic predisposition. Many other different genetic loci have been found to contribute in a lesser degree to the genetic susceptibility for T1DM alone or in combination with other autoimmune diseases ([@bib5], [@bib6]). Some of them will be briefly presented.

MHC
---

MHC is a group of closely related genetic loci encoding molecules expressed on the surface of immune or other cells and limiting the specificity of T lymphocytes to recognize antigens. Based on the functional specificity of their products, HLA gene loci are distinguished into two classes. Class I HLA molecules are associated with antigens that are recognized by the receptor of cytotoxic T lymphocytes (CD8+), which eventually destroy the antigenic target and are expressed by most cells. Class II HLA molecules are essential for the recognition of antigens by T helper lymphocytes (CD4+), which initiate the immune response and promote cellular co-operation and are expressed only by immune cells ([@bib7], [@bib8]).

In T1DM, associations with specific HLA alleles or haplotypes refer to class II region, as this is the case for the majority of autoimmune diseases. The ability of class II molecules to present antigens is dependent on their alpha- and beta-chain amino acid composition. Substitutions at one or two critical sites can significantly increase or decrease the binding capacity of the relevant autoantigens. Particularly, more than 90% of the patients with T1DM have either HLA-DR3, DQB1\*0201 (also referred as DR3-DQ2) or HLA-DR4, DQB1\*0302 (also referred as DR4-DQ8) haplotypes compared to 40% of the healthy individuals. In addition, about 30% of the patients have both haplotypes (DR3/4 heterozygotes) ([@bib9], [@bib10]). On the other hand, the presence of some DR4 alleles, such as DRB1\*0403 and DPB1\*0402, reduces the risk of T1DM development even in the presence of DQB1\*0302 high-risk allele. In addition, the HLA allele DQB1\*0602 provides protection against T1DM development. This allele is present in approximately 20% of the general US population but only in 1% of the children who have developed T1DM ([@bib1], [@bib1], [@bib12], [@bib13]).

Autoimmune polyendocrine syndrome 2 (APS 2) presents in association with the HLA II genes. It is more frequent in women and manifests in adulthood. Addison's disease is the prevailing disorder with up to 70% prevalence, and it is often combined with type 1 diabetes (up to 50% prevalence in patients with the syndrome). Autoimmune thyroid disease follows, while other autoimmune diseases, such as vitiligo, alopecia, gonadal failure and celiac disease, may manifest, but less frequently ([@bib14]).

Insulin-VNTR
------------

Polymorphisms in the region of the insulin gene promoter are estimated to account for about 10% of the genetic predisposition for T1DM. This region is located on the short arm of chromosome 11 and is close to the gene encoding for proinsulin. This polymorphic site consists of a variable numbers of tandem repeats (VNTRs). It is present in two common classes: the small class (26--63 repeats, type I) or the big class (140--243 repeats, type III) ([@bib15]). This genetic locus does not itself encode a protein, but plays an important role in initiating the transcription process of insulin. Type III is present in approximately 30% of the general population and provides protection from T1DM regardless of the individual HLA haplotypes. It is believed that the presence of the big class allele facilitates transcription and epithelial expression, therefore the autoantigen presentation of insulin in the fetal thymus. Thus, it is protective by promoting the negative selection and deletion of T lymphocytes reactive to insulin that contribute to the autoimmune destruction of β cells ([@bib15], [@bib16]).

CTLA-4
------

The CTLA-4 gene (cytotoxic T lymphocyte antigen-4) is located on the long arm of chromosome 2 (2q33) and has also been associated with T1DM. It has a suppressive role, a role of transmitting negative signal and inducing anergy in activated T lymphocytes ([@bib17]). Identification of the antigen by the naive T lymphocyte is achieved through a triple complex consisting of the antigen, the HLA molecule of the antigen presenting cell (APC) and the T lymphocyte antigen receptor (Ag + HLA + TCR). However, this complex recognition is not capable itself of stimulating the naive T lymphocyte for proliferation and differentiation into an active T lymphocyte, but costimulatory molecules are necessary. Such molecules are the B7.1 (CD80) and B7.2 (CD86) glycoproteins on the APCs and the CD28 receptor, a member of the immunoglobulin superfamily, on T lymphocytes. In the absence of costimulatory molecules, the T lymphocyte is not stimulated and switches to the anergy state. The active T lymphocyte further expresses the CTLA-4 receptor, which resembles the sequence of CD28, but has 20-fold greater affinity for B7 glycoproteins. The CTLA-4 receptor, when linked to one of the B7 (CD80/CD86) molecules of the APC, transmits negative messages to T lymphocyte, limiting in this way the production of IL-2 and the proliferation of stimulated cells. Therefore, excessive stimulation and proliferation of T lymphocytes are avoided ([@bib8]). Polymorphisms of CTLA-4 have been associated with T1DM and with other autoimmune diseases. These polymorphisms lead to decreased intracellular expression of the protein; therefore, the inhibition of excessive stimulation and proliferation of T lymphocytes is not inhibited resulting in uncontrolled progression of immune response and autoimmune imbalance ([@bib17], [@bib18]).

Other genetic associations
--------------------------

### PTPN22

Recent studies have shown associations between C1858T (Arg620Trp) polymorphism of the PTPN22 (protein tyrosine phosphatase non-receptor type 22) gene and T1DM, as well as other autoimmune disorders. The PTPN22 gene encodes the specific lymphoid tyrosyl phosphatase known as LYP. LYP phosphatase is a very potent inhibitor of the activation of naive T lymphocytes, preventing spontaneous T-cell activation by dephosphorylating and inactivating a kinase, named CSK. A missense mutation in the PTPN22 gene was found to be associated with various autoimmune diseases, including type 1 diabetes. This mutation decreases the binding affinity of LYP to CSK, leading to uncontrolled T-cell activation and autoimmune reaction ([@bib19], [@bib20]).

### AIRE

Presentation of autoantigens in both the thymus and the periphery to negatively select and delete T lymphocytes that are highly reactive (central and peripheral immune tolerance, respectively) is a very important regulatory mechanism of autoimmunity. The AIRE protein (autoimmune regulator) is mainly expressed in the epithelial and dendritic cells of the thymus marrow. It is a transcription factor which controls the expression of many specific autopeptides ([@bib8]). Patients with mutations in the AIRE gene, located on the long arm of the chromosome 21 (21q22.3), exhibit autoimmune polyendocrine syndrome 1 (APS 1), also known as APECED syndrome, which is the acronym of its main clinical manifestations, polyendocrine autoimmunity (Addison's disease, hypoparathyroidism, T1DM), candidiasis and ectodermal dystrophy (autoimmune polyendocrinopathy candidiasis ectodermal dystrophy -- APECED). The presence of T1DM in patients with AIRE mutations (less frequent of course than in APS 2) demonstrates that the expression and presentation of relevant autoantigens (insulin, GAD, IA-2) in the thymus are under the surveillance of this transcription factor ([@bib21], [@bib22]).

### FoxP3

The gene of the transcription factor FoxP3 is located on chromosome X and encodes for a protein known as 'scurfin'. The congenital dysfunction of FoxP3 is manifested by an autoimmune phenotype, which in mice has been characterized as 'scurfy', usually leading to death early in life. In humans, it appears as an autoimmune polyendocrine disorder associated with chromosome X (IPEX syndrome) and is manifested with a milder phenotype comprising of T1DM, allergies, enteropathies and eczema ([@bib23]). FoxP3 transcription factor is the hallmark of T regulatory lymphocytes (Tregs). The level of expression of Foxp3 in Tregs is positively associated with the α-chain expression of the IL-2 receptor (CD25) and inversely associated with the expression of the α-chain of the receptor for IL-7 (CD127). Tregs suppress the proliferation and secretory activity of CD4+ and CD8+ T cells, as well as the cytolytic activity of the latter ([@bib24]).

### STAT3

The two major subpopulations of CD4+ T lymphocytes, Th1 and Th2, derive from the same precursor T lymphocyte under the influence of specific cytokines within the lymph nodes. IL-12 produced by activated macrophages and dendritic cells induces Th1 differentiation by activation of the transcription factors STAT1, STAT3 and STAT4 ([@bib8]). Mutations in the STAT3 transcription factor have been identified as monogenic causes of autoimmune diseases. *De novo* activating mutations of STAT3 are associated with an early onset spectrum of autoimmune diseases, such as T1DM and autoimmune thyroid dysfunction ([@bib25]).

### IFIH1

The interferon-induced helicase C domain 1 (IFIH1) gene is located on Chr2q24.2. This gene encodes the MDA5 (melanoma differentiation-associated protein 5) protein, a cytoplasmic sensor of viral double-stranded RNA, that activates a cascade of anti-viral immune responses. Rare variants of IFIH1 through a lost or reduced expression of the protein are protective against T1DM, whereas common IFIH1 single nuclear polymorphisms (SNPs) are associated with the disease ([@bib26], [@bib27]).

### HIP14

The Huntingtin-interacting protein 14 gene is located on chromosome 12 and encodes for a palmitoyl transferase, which is involved in the metabolism and trafficking of proteins met with neurons. Knockdown of the genes in mice revealed increased apoptosis for pancreatic β cells. On the other hand, increased expression of HIP14 was protected against apoptosis and this was in association with reduced nuclear-factor kappa B (NFκB) activity ([@bib28], [@bib29]).

### ERBB3

The Erb-B2 receptor tyrosine kinase 3 (ERBB3) gene is located on chromosome 12 and encodes for an enzyme interacting with various receptors, but lacks intrinsic activity. ERBB3 seems to play an important role in cytokine-induced apoptosis of β cells. Several SNPs (especially the rs2292239) have been associated with the presence of T1DM, as well as the glycemic control of patients with the disease ([@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib30]).

Environmental factors
=====================

Environmental factors also play an important role in the pathogenesis of T1DM. Strong evidence for this derives from the study of monozygotic twins, where occurrence of the disease in both siblings varies around 50% and never reaches 100% ([@bib3], [@bib4]). The environmental factors involved include viruses (rubella, coxsackievirus B or enteroviruses), toxins and nutrients (cow's milk, cereals). The precise effect of these factors remains unclear, but it is important to be identified, since these factors can be modified and possibly lead to prevention or treatment interventions.

Viruses and vaccinations
------------------------

Viruses represent important triggers for T1DM pathogenesis and this was originally described by epidemiological observations. Children exposed during fetal life to rubella have an increased incidence of T1DM, besides other autoimmune disorders, such as autoimmune thyroiditis ([@bib31]). Furthermore, RNA or proteins from such viruses have been detected in the pancreas and other neighboring tissues from patients with T1DM. Enteroviruses can play an important role in the early phase of the development of T1DM through the activation of innate immunity ([@bib32]). There is also a link between T1DM and the interferon-induced helicase 1 (IFIH1) gene, which encodes for the MDA5. Upon viral infection, MDA5 acts as a cytoplasmic sensor especially for coxsackieviruses B and stimulates the production of molecular mediators of the innate immune response ([@bib33]).

Another mechanism by which the autoimmune response can be induced by viruses is that of molecular mimicry. The hypothesis of molecular mimicry suggests that the immune response is directed against autoantigens that resemble the viruses' antigens and this results in cellular destruction ([@bib34], [@bib35]). In T1DM, the best studied paradigm of molecular mimicry is the P2-C protein of the Coxsackie B4 virus. There is significant similarity in the amino acid sequence between the Coxsackie B4 P2-C protein and the glutamic acid decarboxylase (GAD65) enzyme found in β cells of the endocrine pancreas ([@bib36]). Experimental studies have shown that clones from T-cell lines, that recognized both GAD65 and P2C peptides, reacted with both using different restriction elements and without cross-reaction needed ([@bib37]). Of course, T-cell autoactivation after Coxsackie virus infection which leads to inflammation, tissue damage and release of islet autoantigens can additively occur ([@bib38]). On the other hand, there is some experimental evidence that under certain conditions, enteroviruses can be also able to protect individuals against T1DM ([@bib39]).

There was some concern that vaccinations may be related to the subsequent development of chronic autoimmune diseases, including T1DM. However, immunization of infants even with genetic predisposition (siblings of patients with T1DM) does not appear to be associated with an increased risk for development of the disease ([@bib40]).

Diet and gut microbiota
-----------------------

The importance of diet in the development of T1DM remains controversial. In several studies, associations of early introduction in the infant's diet of cow's milk with an increased risk for the disease have been reported, supporting that infant's exposure to insulin contained in the milk is triggering the autoimmune response ([@bib41]). In addition, earlier experimental studies mainly have demonstrated that a particular part of the albumin contained in cow's milk, known as ABBOS (17 peptide, positions 152--167), can function as a self-reactive epitope since it resembles the p69 protein found in the surface of pancreatic β cells ([@bib42], [@bib43]). Early integration of cereals into the diet ([@bib44]), nitrate exposure from water intake ([@bib45]), inadequate intake of omega-3 fatty acids ([@bib46]) and vitamin D deficiency ([@bib47], [@bib48]) have also been implicated. On the other hand, meta-analysis of observational studies ([@bib49]) and vitamin D supplementation studies ([@bib50], [@bib51]) do not seem to confirm its protective role.

Recent data indicate that gut microbiota, the microflora of trillions of microorganisms living in the gastrointestinal tract, is involved in the pathogenesis of T1DM. Indeed, patients with T1DM exhibit differences in their gut microbiota compared to healthy controls, specifically a reduced Firmicutes vs Bacteroidetes ratio ([@bib52], [@bib53]). Whether the changes in the composition of the gut microbiota derive from the changes in nutrition, agricultural production and product preparation, personal hygiene and antibiotic use, especially during the first years of life, which coincide with the increased incidence of T1DM or whether they are the result of the disease itself or even its cause requires further investigation. Even the birth process seems to play a role, as suggested by the increased risk of T1DM in children born by cesarean section. Lack of contact with the vaginal microbiome of the mother and subsequent differences in their gut microbiota due to abnormal colonization may be a pathogenic mechanism and indicate the possible protective role of normal labor and vaginal delivery ([@bib54], [@bib55]). Anyway, the gut microbiota can affect the immune response through various pathways and further studies will elucidate host and microbiota interactions, possibly suggesting new diagnostic or therapeutic strategies for the prevention and treatment of T1DM ([@bib52], [@bib53]).

Immunologic factors
===================

Immune tolerance
----------------

The human immune system faces a huge variety of antigens and its purpose is to distinguish foreign from thyself. The repertoire of specific recognition molecules is not genetically restricted and through re-organization mechanisms ends up being extremely broad. This results in antigenic receptors that are self-reactive for many tissues, including pancreatic β cells. Potentially dangerous immune cells during growth of T lymphocytes in the thymus and B lymphocytes in the bone marrow are negatively selected and eliminated (central tolerance). Self-reactive lymphocytes, which escape the mechanisms of central tolerance and end up in the periphery, naturally enter into processes that either neutralize or suppress them (peripheral tolerance). Disorders of these immune mechanisms can result under various autoimmune conditions ([@bib8]). Mutations in the AIRE gene, but also non-genetic factors, can disturb central tolerance in thymus and lead to the development of T1DM. An interesting hypothesis is that of the implication of viral infections, which can affect human thymus. Thymic epithelial cells and thymocytes have been proved to become targets of infection with coxsackievirus B4 virus and other enteroviruses in experimental studies. Several abnormalities were then observed, including the maturation and differentiation processes of T cells ([@bib56], [@bib57]). In recent years, it has been demonstrated that the subpopulation of T regulatory lymphocytes (Tregs, formerly known as suppressive lymphocytes) plays an important role in the immune response network, especially for peripheral tolerance. It has been found that patients with T1DM present quantitative and qualitative deficits in Tregs, which may explain the increased (without limits) immune response, which eventually leads to the autoimmune response ([@bib1], [@bib23], [@bib58], [@bib59]).

Cellular immunity
-----------------

The destruction of the β cells of the endocrine pancreas in T1DM occurs most probably via apoptosis, a mechanism also known as programmed cell death, which includes a cascade of cysteine-asparaginase activations, known as caspases. Indeed, animal studies and *in vitro* experiments do support apoptosis as a major cell death type for β cells; however, necrosis and necroptosis may be also important in humans ([@bib60], [@bib61], [@bib62]). According to one hypothesis, inflammatory reaction with high levels of the proinflammatory cytokines IL-1, TNF-α (tumor necrosis factor-α) and INF-γ (interferon-γ) is induced by the autoreactive T lymphocytes within the islet microenvironment. These cytokines activate the caspase cascade. Other theories suggest that apoptosis is induced directly by contact of autoreactive T lymphocytes with β cells via the perforating system or Fas/Fas ligand interaction. Even in this case, cytokines' secretion disorder is required ([@bib1], [@bib2], [@bib8], [@bib60], [@bib1], [@bib62]). The subpopulation of Tregs is of great interest and their quantitative and qualitative deficits in patients with the disease are very important ([@bib58], [@bib59]). Prior to the onset of T1DM, a chronic atrophic inflammation within the islets of Langerhans is observed histologically, with the participation of T lymphocytes, macrophages, B lymphocytes and dendritic cells. This condition usually evolves over many months or years, when patients are asymptomatic and euglycemic. Symptomatic hyperglycemia occurs after a long latency period, which reflects the large number of functioning β cells that need to be destroyed before the clinical manifestation of the disease ([@bib2]).

Humoral immunity
----------------

The disturbed immune response includes the humoral immunity arm too, producing autoantibodies that may precede the onset of clinical manifestation of T1DM for years. The main autoantibodies detected in patients with T1DM are those against GAD65, tyrosyl phosphatase (IA-2), insulin (IAA) and zinc transporter (ZnT8) ([@bib1]). Studies in mice with early presentation of these autoantibodies suggest that proinsulin is the potential primary target. The great importance of insulin as an autoantigen is confirmed by the fact that deletion of its gene in mice greatly affects disease progression, while its administration during the pre-diabetic phase can prevent or delay the clinical expression of T1DM ([@bib63], [@bib64]). Another important autoantigen is the GAD enzyme, which is present in β cells, as well as in the central nervous system and the testes ([@bib65]). Anti-GAD autoantibodies are found in approximately 70% of the patients with T1DM at the time of diagnosis. IA-2 is also an important autoantigen, with approximately 60% of the patients with T1DM presenting positive autoantibodies at the time of diagnosis ([@bib66]). Autoantibodies to IA-2 usually appear later than autoantibodies to insulin and GAD and are largely related to the progression of the disease. The zinc transporter (ZnT8) has also been more recently identified as autoantigen for T1DM. Indeed, 60--80% of the newly diagnosed patients show positive ZnT8 autoantibodies. In children monitored from birth to T1DM development, it was observed that ZnT8 autoantibodies appear later than autoantibodies to insulin ([@bib67]) and typically disappear very early after the clinical manifestation of the disease ([@bib68]). A large Finnish cohort provided evidence that ZnT8 autoantibodies' concentrations are related to the age, the HLA genotype and the metabolic status at diagnosis, but they cannot significantly improve the detection of β cell autoimmunity ([@bib69]). One of the best markers of progression to clinical T1DM is the simultaneous expression of two or three autoantibodies from the above ([@bib70]). Very recently, the TEDDY (the environmental determinants of diabetes in the young) study, a prospective cohort study funded by the National Institutes of Health with an aim to identify environmental causes of T1DM and including children that are in genetic risk followed from birth with regular blood sampling, examined individuals who had already developed two or more autoantibodies. They investigated important factors that can contribute to the very variable rate of progression to the disease among children who are already positive for autoantibodies. These data suggested that the risk of progression was not different among those with or without a family history of T1DM, and it was higher for female gender, when a few high-risk HLA-DR and HLA-DQ subtypes were present, while it was inversely related to the age of first appearance of positive autoantibodies ([@bib71]).

Conclusions
===========

T1DM is the result of the autoimmune destruction of β cells of the endocrine pancreas, leading to insulin deficiency. The process of this autoimmune destruction occurs in genetically susceptible individuals following the contribution of one or more environmental factors and usually develops over several months or years, when patients are asymptomatic and euglycemic but present positive relevant autoantibodies. Symptomatic hyperglycemia and diabetes supervene after a long latency period, which reflects the large percentage of β cells that need to be destroyed or dysfunctioned first before overt diabetes become evident.
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